The lunar Askaryan technique is a method to study the highest-energy cosmic rays, and their predicted counterparts, the ultra-high-energy neutrinos. By observing the Moon with a radio telescope, and searching for the characteristic nanosecond-scale Askaryan pulses emitted when a high-energy particle interacts in the outer layers of the Moon, the visible lunar surface can be used as a detection area. Several previous experiments, at Parkes, Goldstone, Kalyazin, Westerbork, the ATCA, Lovell, LOFAR, and the VLA, have developed the necessary techniques to search for these pulses, but existing instruments have lacked the necessary sensitivity to detect the known flux of cosmic rays from such a distance. This will change with the advent of the SKA. The Square Kilometre Array (SKA) will be the world's most powerful radio telescope. To be built in southern Africa, Australia and New Zealand during the next decade, it will have an unsurpassed sensitivity over the key 100 MHz to few-GHZ band. We introduce a planned experiment to use the SKA to observe the highest-energy cosmic rays and, potentially, neutrinos. The estimated event rate will be presented, along with the predicted energy and directional resolution. Prospects for directional studies with phase 1 of the SKA will be discussed, as will the major technical challenges to be overcome to make full use of this powerful instrument. Finally, we show how phase 2 of the SKA could provide a vast increase in the number of detected cosmic rays at the highest energies, and thus to provide new insight into their spectrum and origin.
Introduction
The lunar Askaryan technique was proposed by Dagkesamanskii & Zheleznykh (1989) as a method to study the highest-energy cosmic rays and neutrinos. By observing the Moon from a satellite or ground-based telescope and searching for Askaryan emission (Askaryan 1962) from particle interactions, the entire visible lunar surface (of order 20 million km 2 ) can be utilised as a particle detector. This method has been used successfully to place limits on exotic ('top-down') models of ultra-high-energy (UHE; E 10 20 eV) neutrino production (Buitink et al. 2010; Gorham et al. 2004 ). However, due to the large Earth-Moon distance (3.844·10 5 km on average), the signals on Earth are very weak, which has precluded current radio telescopes from being sensitive to either neutrino fluxes from conventional 'bottom-up' cosmic ray acceleration models, or to the cosmic ray flux itself.
This situation will change with the advent of the Square Kilometre Array 1 (SKA). The largest radio telescope ever conceived, the SKA will consist of multiple components, with the low-frequency telescope SKA-low covering the range 50-350 MHz. This instrument, to be built in Western Australia (Dewdney et al. 2013 ) between 2018-2023 (phase 1) and 2023-2030 (phase 2), is particularly appealing as an UHE particle detector, due to the increased angular width of the Askaryan emission at low frequencies (Scholten et al. 2006) . When complete, SKA-low is expected to detect an unprecedented number of UHE cosmic rays, with sufficient angular resolution to study their origin.
In order to enable lunar Askaryan observations with SKA-low, groups that have performed observations with existing radio telescopes -LUNASKA James et al. 2010) , NuMoon (Buitink et al. 2010) , RAMHAND (Beresnyak et al. 2005) , LaLUNA (Spencer et al. 2010) , and RESUN (Jaeger et al. 2010 ) -have jointly 2 formed the SKA High Energy Cosmic Particles (HECP) Focus Group 3 . This group will apply the necessary methods and technology, developed as part of the aforementioned forerunner projects, to observations with SKA-low, and work with SKA engineers to implement this observation mode. In parallel, simulations have been performed in order to estimate the sensitivity of SKA-low during both its initial phase 1 deployment, and final phase 2 configuration.
The results of this effort are reported here. Sections 2 and 3 respectively give an overview of SKA-low and the simulation chain used to simulate its sensitivity to lunar Askaryan pulses. In Section 4, estimates of the ability of SKA-low phases 1 and 2 to detect and study UHE cosmic rays (CR) are given, including preliminary energy and direction resolutions. Section 5 discusses the prospects to study UHE neutrinos and constrain the remaining top-down models of UHE particle production. Finally, Section 6 reviews the science case of the HECP (lunar) group in light of these results and in comparison to other experiments, and discusses the necessary technical requirements in order to achieve the simulated sensitivity.
SKA-low
The first phase of the low-frequency component of the SKA, SKA-low phase 1, will consist of 1 www.skatelescope.org 2 Together with a project to make precision measurements of extensive air showers -see Huege et al. (2015 130, 000 log-periodic dipole antennas deployed in 512 stations of 256 antennas each, giving a total collecting area of 0.4 km 2 (Dewdney et al. 2013) . Half the stations will be deployed in a dense core of less than 1 km diameter, while the remainder will be located at distances of up to 65 km. Dual polarisation signals covering the range 50-350 MHz from all antennas in each station will be digitised and added in-phase to form 'station beams' with full-width half maximum (FWHM) of > 1.4 • . The second phase of SKA-low will be deployed in a similar configuration, but with a large increase in effective area, longer baselines, and the possibility to form multiple independent station beams. During standard astronomical observations, the station beams will be sent to a central correlator facility for image processing. For both pulsar timing and lunar observations, these station beams will be added in-phase to form 'array beams', with up to 16 dual polarisation array beams being produced for the phase 1 instrument. Since the angular size of each array beam will be determined by the baseline over which it is formed, only the core stations will be used for lunar detection mode, so that the 16 phase 1 beams will cover approximately 50% of the lunar limb. These beams will be analysed in real-time by purpose-built hardware, which will perform the necessary processing to search for broad-bandwidth pulses . During phase 2, a similar scheme is envisaged, but with sufficiently many array beams to cover the entire Moon.
Simulating the SKA
The program used to simulate the sensitivity of the SKA was developed by James & Protheroe (2009) 4 . It is a Monte Carlo routine that can simulate both neutrino and cosmic ray interactions in -and in the former case, propagation through -the Moon, and produces frequency-dependent radio emission from the resulting cascades according to parameterisations based on full simulations (Alvarez-Muñiz et al. 2006; Alvarez-Muñiz & Zas 1998) . The emission is propagated through a roughened lunar surface, and the signal spectrum as seen by a telescope on Earth is calculated, assuming no loss of coherence due to e.g. small-scale lunar surface roughness, or the ionosphere. Here, the former effect is ignored, since it is expected to be negligible for low-frequency cosmic ray observations, while the latter effect is assumed to be corrected for during signal processing. This program has been verified through comparison with analytic calculations of Gayley et al. (2009) .
The expected parameters of SKA-low phases 1 and 2 are given in Table 1 . The limiting sensitivity of such an experiment is given when full-bandwidth data from all antennas are coherently added in-phase and used to search for Askaryan pulses over the entire lunar surface, assuming a perfect correction for ionospheric dispersion. Such an idealised analysis can be performed offline using buffered data. Hence, phase 2 sensitivity is calculated assuming a detection threshold of 10σ relative to the noise level of the entire array at full sensitivity, corresponding to a false trigger rate of much less than once per year. However, the final sensitivity can also be determined by the real-time trigger, e.g. in the case of insufficient array beamforming capacity. This will be the case for phase 1, with sensitivity determined by the expected real-time trigger threshold of 7σ (trigger rate of ∼ 0.2 Hz) using only the sensitivity of the core. The 16 dual-linear polarisation array beams generated in real time are modelled assuming a Gaussian antenna density with fall-off radius of 240 m, and 50% of the total sensitivity of 500 m 2 K −1 . In both cases, the antenna noise calculation assumes a constant sensitivity over the full bandwidth, which approximates the effects of an increase in both effective area and sky noise at low frequencies, and an increased beam filling factor due to the Moon (which is colder than the sky at 100 MHz, and hotter at 350 MHz) at high frequencies. The frequency range 50-100 MHz will not be used, due to the high sky noise and ionospheric dispersion
Cosmic Rays
The effective aperture of SKA-low to cosmic rays is given in Fig. 1 (left) . The phase 1 instrument achieves an instantaneous aperture of 10 4 km 2 sr, comparable to that of the Pierre Auger Observatory with a typical 60 • zenith-angle cut (Abraham et al. 2010) , at approximately 10 20 eV, while phase 2 does so at ∼ 3 · 10 19 eV. The relatively small reduction in threshold between phases 1 and 2 is due to the scaling of Askaryan emission: radiated power increases with the square of primary energy, so that a four-fold increase in sensitivity is required to halve the detection threshold. The rapid increase in A eff above the detection threshold however means that at the very highest observed cosmic ray energies near 10 20 eV, SKA-low phase 2 will have an effective aperture of over 10 5 km 2 sr.
The expected event rates per full year of observation time are shown in Fig. 1 (right) , which have been calculated by convolving A eff with the measured cosmic ray spectrum (Abraham et al. 2010) , assuming a full year's worth of observations (not accounting for lunar visibility). Phase 1 would be expected to see only a handful of events (∼ 3) per year, with the expected number being subject to uncertainties in the spectrum above 10 20 eV. However, SKA phase 2 will be sensitive to the cosmic ray flux above 2 · 10 19 eV, with an event rate of ∼ 355 yr −1 , and more importantly, ∼ 171 yr −1 above 56 EeV, where anisotropies in UHECR arrival directions have been observed (Aab et al. 2015; Abraham et al. 2007 ).
Energy and directional resolution
Explicit reconstruction methods to determine the primary particle energy and arrival direction have not yet been developed for the lunar technique. Such methods would involve fitting the observed signal spectrum ε( f ) over a broad bandwidth for a fully coherent component at low frequencies (ε( f ) ∝ f E CR ) to give the primary energy, measuring the (linear) polarisation to give the projection of the arrival direction in the plane of the sky, and fitting ε( f ) for a spectral downturn at high frequencies to detect any decoherence due to observations away from the Cherenkov angle, in order to determine the angle of emission θ out of the plane of the sky.
A simple estimate of the minimum accuracy of this technique can be made by placing trivial cuts on the observable signal properties, and looking at the energy-and directional-dependence of the resulting reduced A eff for these cuts. The expected detection threshold of 10σ gives an approximate error of 10% on the measured signal strength, and 0.1 rad on the polarisation angle, which are modelled by only accepting signals with a magnitude in the 10-12σ range, and with a polarisation aligned within ±5.7 • radially from the lunar limb. The expected angular resolution is taken as being 0.5 ′ , corresponding to only the inner part of the array, and only events originating from within 0.5 ′ of a point on the lunar limb are accepted.
The result of this method is given in Fig. 2 . The left-hand figure shows the effective area of SKA-low phase 1 as a function of cosmic ray arrival direction relative to the Moon, for all detected events. The annulus can be interpreted as the instantaneous field of view of the SKAMoon system to UHECR. On the right-hand side is plotted A eff after cuts. The resulting acceptance has a characteristic resolution (given by the 1σ width) of 5 • , centred on a region approximately (2012), dash-dotted) and cusps (Berezinsky et al. (2011) , dot-dash-dotted) in cosmic strings, and also for the neutrino flux produced in interactions of UHE cosmic-rays with the Cosmic Microwave Background radiation -"cosmogenic neutrinos" (Allard et al. (2006) , shaded). Limits set by other experiments -the Pierre Auger Observatory (Aab et al. 2015) , RICE (Kravchenko et al. 2012 ) and ANITA (Gorham et al. 2010 (Gorham et al. , 2012 -are also shown.
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• from the centre of the Moon. Similar methods have been applied for the energy resolution, but while there are indications that SKA-low will have an energy resolution of better than 50%, this is mostly a function of the sharp detection threshold, and steeply falling cosmic ray spectrum . It is expected that a specific reconstruction will be able to improve this accuracy significantly.
Sensitivity to neutrinos
The instantaneous effective apertures A eff to UHE neutrinos of SKA-low phases 1 and 2 are shown in Fig. 3 . The apertures are much smaller than that to cosmic rays, both because only 20% of the primary neutrino energy is characteristically given to hadronic cascades, and because the majority of neutrinos interact too deeply in the Moon to be detected (field absorption length at 100 MHz is of the order of 200 m (Olhoeft & Strangway 1975) . Therefore, an appreciable sensitivity is not reached until well above 10 20 eV, so that the SKA will not be sensitive to neutrinos from the GZK process. However, the SKA will be able to probe "top-down" models of cosmic ray production, as shown in Fig. 3 (right) for a nominal 1000 hr observation. While the projected sensitivity of ARA (Allison et al. 2012) and ARIANNA (Barwick et al. 2014) are not shown, their target sensitivity is to the GZK flux around 10 18 eV, and is not expected to be competitive with SKA-low phase 2 at energies much above 10 20 eV.
Discussion
SKA-low phase 2, using the lunar Askaryan technique, is expected to have an instantaneous effective aperture of approximately 10 5 km 2 sr to cosmic rays at 10 20 eV. This gives it the potential to detect an unprecedented number of UHECR. Even folding in the lunar visibility of 29% (assumed elevation limit of 30 • ) from the site of the SKA-low core in the Murchison Radio Astronomy Observatory in Western Australia, the expected annual detection rate of ∼ 50 cosmic rays with energy above 56 EeV gives a method to increase detection statistics beyond that of the current Pierre Auger Observatory (Aab et al. 2015) and Telescope Array samples (Abbasi et al. 2014 ). The only proposed experiments which could rival this detection rate are JEM-EUSO, to be placed on-board the international space station (Takahashi et al. 2009) , and the LORD mission (Ryabov, Gusev & Chechin 2013) .
The angular and energy resolutions of observations with SKA phase 2 will not be competitive with those of current ground-based experiments, although they are expected to improve beyond the simplistic estimates of 5 • and 50% respectively presented here. The angular resolution however is already comparable to, or better than, the angular deflection expected from galactic magnetic fields (Armengaud, Sigl & Miniati 2005; Dolag et al. 2005) , and would certainly be able to test the observed excess in the ∼ 15 • surrounding Centaurus A (Aab et al. 2015) . In general, the SKA will be sensitive to objects lying within ∼ 45 • of the lunar orbit, i.e. more than half the sky, in a band centred on the Moon's orbit. For SKA-low, this band also includes the Galactic Centre and M87.
In order to compete with dedicated experiments such as JEM-EUSO or LORD (or, indeed, the 10-year exposure of Pierre Auger), it will be vital to observe the Moon with SKA phase 2 whenever it is visible. This will require implementing a fully commensal observation mode, so that lunar observations will not compete with the many other science goals of the SKA. Such a mode will be feasible for SKA phase 2, due to the planned ability to form multiple beams per station (see Sec. 2). For SKA phase 1 however, there will be more competition for the available beams, so the target is to perform engineering studies for phase 2, and observations targeting models of the UHE neutrino flux. For each phase, specialised pulse detection hardware will be built, analogous to the 'Bedlam Board' produced for the LUNASKA experiments at Parkes (Bray, Ekers & Roberts 2013) , and the 'ultra-high-energy particles' (UHEP) mode of LOFAR developed by the NuMoon collaboration (Singh et al. 2012 ) -for further details, see the co-contribution by .
Conclusion
The low-frequency component of the SKA will be a powerful instrument for performing ultrahigh-energy particle astronomy. In order to enable these observations with a giant radio array, members of previous lunar experiments have joined forces to form the SKA High Energy Cosmic Particles focus group, together with an experiment to perform precision measurements of EAS. Using the lunar Askaryan technique, phase 1 of SKA-low will be able to test models of top-down particle production, while phase 2 will be able to detect an unprecedented number of cosmic rays at energies above 56 EeV where indications of anisotropy are observed.
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